ABSTRACT This study was made to determine the effects of bloodmeal mass and oviparity in Aedes albopictus (Skuse) (Diptera: Culicidae) on continued host-seeking activity in female mosquitoes and efÞcacy of the repellent N,N-diethyl-3-methylbenzamide (DEET). There was a curvilinear relationship between bloodmeal mass in partially fed Ae. albopictus and host avidity with a threshold between 0.8 and 1.0 mg of ingested blood for reduced host seeking by female mosquitoes. Egg development and fecundity were related to bloodmeal mass, which also evoked signiÞcantly different mean host seeking rates in nulliparous and parous Ae. albopictus. The repellency of DEET to partially blood fed female mosquitoes depended on oviparity status and host avidity with repellent failure soonest in partially blood fed nullipars.
The quantity of blood ingested by a female mosquito during feeding affects ovarian development and fecundity Lynn 1975, Clements, 1992) . It also inßuences the continuance of host-seeking behavior (Klowden and Lea 1978 , Xue et al. 1995 , Xue and Barnard 1996 . Both Culex nigripalpus Theobald and Culex tarsalis Coquillett (Diptera: Culicidae), for example, seek hosts and blood feed when partially blood engorged , Mitchell 1981 . However, we do not know whether continued host seeking affects the responses of partially blood-fed females to topical repellents, such as N,N-diethyl-3-methybenzamide (DEET) (Annis 1991 , Frances et al. 1993 , Schreck and McGovern 1989 , although a related factor, the extent of blood engorgement, may do so (Kalmus and Hocking 1960, Khan et al. 1975) . Similarly, the effects of oviparity on repellency responses are unknown for Aedes albopictus (Skuse), particularly in the context of a partial bloodmeal and/or the effects of bloodmeal mass on host avidity. Evaluation of this relationship in Aedes aegypti (L.), Anopheles albimanus (Weidemann), and Anopheles quadrimaculatus Say sensu lato indicates that parity does not inßuence DEET protection time (Barnard 1998) .
Here, we determined the relationship of bloodmeal size in Ae. albopictus to the continuance of host-seeking activity, to ovarian development and fecundity, and to repellent effectiveness. The main objective was to measure the effect of bloodmeal size and hostseeking activity on the length of time DEET prevents mosquito biting and to determine whether repellent responses are affected by parity.
Materials and Methods
Ae. albopictus used in this study were from a laboratory colony established in Gainesville, FL, in 1992. Immatures were reared under a photoperiod of 14:10 (L:D) h at 27ЊC (Gerberg et al. 1994) . Adults were maintained at 80% RH in the same light and temperature conditions. This study was conducted under protocol 445-96 approved by the University of Florida, Health Sciences Center, Institutional Review Board (IRB-01). All volunteers gave informed consent before participation in the study. Animal care and use was approved under protocol A057 by the University of Florida Institutional Animal Care and Use Committee.
Effect of Bloodmeal Size on Host Avidity. In part 1 of experiment 1, bloodmeal mass in 480 individual mosquitoes was determined by measuring the difference in mosquito mass before and after blood feeding. The experimental unit used to do this was a clear plastic cup (6 cm in diameter by 4 cm in height) that held a single 10-d-old nulliparous female. The open end of the cup was covered by 17 mesh/cm nylon screen. Before being blood fed, each female was immobilized by chilling, weighed to the nearest 0.1 mg, and then returned to its feeding cup. Mosquitoes were then individually blood fed by placing the screened end of the cup against the skin of a restrained chicken. Bloodmeals of different sizes were obtained by removing the cup from the skin after a subjectively chosen (and variable) time interval, but before the female engorged to repletion. Each female blood fed in this manner was assigned to one of 13 bloodmeal mass categories (i.e., 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0 .9, 1.0, 1.1, or Ն1.2 mg). The experiment was repeated three times, each time with n ϭ 160 female mosquitoes.
The second part of experiment 1 commenced 4 h after the end of part 1. At this time, each female mosquito was provided a second opportunity to respond to a host. The order of presentation of mosquitoes to the host (in this case the exposed forearm skin of a human subject) and the manner in which this was done was the same as in experiment 1, part 1 (see above). For each mosquito, we recorded the time elapsed (seconds) between placement of the cup against the skin and initial probing by the female. Mosquitoes that failed to probe within 300 s were scored as nonhost seeking , Xue et al. 1995 .
In experiment 2, we determined the effect of bloodmeal size on host seeking in Ae. albopictus in screened cages (45 by 38 by 35 cm, height by width by depth). Initially, each of 100 nulliparous females was allowed to commence blood feeding on a restrained chicken. During this time, the abdomen was observed for the extent of engorgement with feeding interrupted to obtain females that Þt into one of four bloodmeal mass groups (0.1, 0.2Ð 0.4, 0.5Ð 0.7, and Ն0.8 mg). These females were allocated in groups of 25 to one of the four cages that corresponded with their bloodmeal mass grouping. A Þfth cage contained 25 unfed females (0 mg of blood). To determine the host-seeking rate in each cage, a volunteer inserted their forearm into one (randomly selected) cage and recorded the number of females that probed a 160-cm 2 area of exposed forearm skin in 1 min (Barnard 1998 ). A second cage was then selected at random and observed for host seeking, and so on, until a response was obtained for each of the Þve cages. Thirty minutes later, the process was repeated, and again at 30-min intervals thereafter (for 150 min total), until Þve responses were recorded for each cage. The results were used to calculate a mean host-seeking rate for each bloodmeal mass group and for unfed females. Experiment 2 was repeated three times (n ϭ 75 [5 cages ϫ 5 observation per cage ϫ 3 replicates]).
Effect of Bloodmeal Size on Reproduction. We measured ovarian development and fecundity in the mosquitoes from experiment 1, each of which was held (with 3% sucrose solution) for 48 h at 25ЊC, 80% RH, and a photoperiod of 14:10 (L:D) h to allow for vitellogenesis. Upon dissection, one or more follicles at or beyond stage 4 (Christophers 1919) in either ovary of a female resulted in a positive score (for ovarian development) for that mosquito. To determine fecundity, we recorded the total number of fully developed (stage 5) ovarioles in each female. Mean fecundity according to bloodmeal mass group (i.e., 0.1, 0.2Ð 0.4, 0.5Ð 0.7, and Ն0.8 mg) was then determined by dividing the total number of mature eggs in each bloodmeal mass group by the number of females in that group that were positive for ovarian development.
Effect of Parity on Host Avidity in Partially BloodFed Females. In this experiment, 150 (5 d-old) nulliparous and 150 (10 d-old) parous females were each provided a partial bloodmeal (Ϸ0.5 mg) on a restrained chicken. Nulliparous females were assigned at random to one of three screened cages (45 by 38 by 35 cm, height by width by depth) such that the Þnal number was 50 in each cage. The same procedure was followed for parous females. A fourth cage contained 50 unfed females of the corresponding parity group. The host-seeking response in each of the four cages was determined using the hand-insertion method described for experiment 2 (n ϭ 40 [4 cages ϫ 5 observations per cage ϫ 2 parity states).
Effects of Bloodmeal Size and Parity on DEET Repellency. Bloodmeal size effects were determined in 150 nulliparous females, each of which was provided a partial bloodmeal from a restrained chicken then allocated to one of four screened cages (45 by 38 by 35 cm, height by width by depth) according to bloodmeal mass group (0.1, 0.2Ð 0.4, 0.5Ð 0.7, or Ն0.8 mg). The repellency responses of females in each cage were determined by their exposure to 1 ml of 25% ethanolic technical DEET applied to Ϸ650 cm 2 of forearm skin. In each test, the treated forearm was inserted into a (randomly selected) cage for 3 min and observed for mosquito landing/probing. This process was repeated again and at 30-min intervals thereafter until repellent failure. The repellent protection time (hours) response for each cage was calculated as that elapsed between repellent application and repellent failure with the latter deÞned as the time of the Þrst conÞrmed bite on the DEET-treated forearm (i.e., one bite followed by another bite within 30 min; Barnard et al. 2006) . Mean repellency responses were compared among bloodmeal mass groups. The experiment was repeated three times (n ϭ 12).
To determine the effects of parity on DEET repellency, 50 (5-d-old) nulliparous and 50 (10-d-old) parous females were each provided a partial bloodmeal (Ϸ0.5 mg) on a restrained chicken. Females were placed in screened cages (45 by 38 by 35 cm, height by width by depth) that differed according to parity and observed for response to 25% DEET by using the techniques described above. The experiment was repeated three times (n ϭ 6).
Data Analysis. We used analysis of variance (ANOVA) (PROC ANOVA, PROC GLM) and linear regression (PROC REG) to evaluate host seeking, ovarian development, fecundity, and repellency responses (SAS Institute 2003). The model y ϭ ␤ 0 ϩ [␤ 1 ⅐ mg]) was used to determine the linear relationship between bloodmeal mass (milligrams) in individual mosquitoes and the dependent variables (y) host seeking, ovarian development, and fecundity (Neter et al. 1983) . Each set of responses also was evaluated for curvilinearity by successive additions of quadratic and cubic effect coefÞcients to the linear effect model. Means separation was made using TukeyÕs honestly signiÞcant difference (HSD) test. The level of significance (P) for all analyses was 5%. Based on availability, we used the same male human subject in all tests of mosquito attraction and the same male human subjects in all tests of DEET repellency.
Results and Discussion
Effect of Bloodmeal Size on Host Avidity. There was a signiÞcant curvilinear relationship (F 3,12 ϭ 23.47; P ϭ 0.0001; R 2 ϭ 0.849) between bloodmeal mass and hostseeking responses in partially blood fed female Ae. albopictus (Fig. 1) . The indicated bloodmeal mass threshold for reduced host-seeking in females was 1.0 mg.
There was a signiÞcant relationship (F 4,74 ϭ 26.84; P Ͻ 0.0001; R 2 ϭ 0.605) between bloodmeal mass group and host seeking responses in caged populations of Ae. albopictus (Table 1 ). The mean host-seeking response was signiÞcantly higher in unfed females (36%) than for other bloodmeal mass groups, whereas female populations with Ն0.8 mg of blood manifested signiÞcantly lower host-seeking responses than those in the 0.1-, 0.2Ð 0.4-, and 0.5Ð 0.7-mg bloodmeal mass groups. The bloodmeal mass group threshold indicated for signiÞcantly reduced host seeking activity in caged populations of female Ae. albopictus is 0.8 mg.
Effect of Bloodmeal Size on Reproduction.
Ovarian development and fecundity in individual females were signiÞcantly inßuenced by bloodmeal mass (ovarian development: F 1,12 ϭ 28.36; P ϭ 0.0002; R 2 ϭ 0.721; fecundity: F 1,12 ϭ 47.83; P Ͻ 0.0001; R 2 ϭ 0.813) (Fig.  2) . No ovarioles beyond stage 2 were observed in unfed (control) females. Only 47% of females with a bloodmeal mass of 0.1Ð 0.2 mg exhibited ovarian development compared with 87% for females with bloodmeal mass Ն0.3 mg. In the same individuals, mean fecundity increased with increasing bloodmeal mass from Ͻ50 eggs in females with Ͻ0.5 mg of blood to 50 Ð70 eggs in females with 0.5Ð 0.9 mg of blood to Ͼ70 eggs in females with Ն1.0 mg of blood. Minimum per female fecundity was observed in mosquitoes with 0.3 mg of blood and maximum fecundity in females with 1.1 mg of blood.
When ovarian development responses in caged populations of Ae. albopictus were analyzed by bloodmeal mass group there was a signiÞcant relationship (F 4,478 ϭ 110.08; P Ͻ 0.0001; R 2 ϭ 0.481) ( Table 1) . We observed a similar fecundity response to bloodmeal mass group (F 3,341 ϭ 62.24; P Ͻ 0.0001; R 2 ϭ 0.356) ( Table 1) .
Effect of Parity on Host Avidity in Partially BloodFed Females. Parity inßuenced (F 1,29 ϭ 9.29; P ϭ 0.0050; R 2 ϭ 0.249) host seeking responses in partially blood-fed (Ϸ0.5 mg) female Ae. albopictus. Nullipa- rous females were signiÞcantly less likely to exhibit host seeking (29.1 Ϯ 1.4%) compared with parous females (33.6 Ϯ 0.6%).
Effects of Bloodmeal Size and Parity on DEET Repellency. When the repellency responses of Ae. albopictus to 25% DEET were classiÞed according to bloodmeal mass group (including unfed [0 mg] females), protection times varied only slightly (range, 7.5Ð7.8 h) (P ϭ 0.17). Mean responses were longest in females with 0.5Ð 0.7 mg of blood (7.8 Ϯ 0.1 h) and 0.1 mg of blood (7.6 Ϯ 0.1 h), whereas responses of unfed females and females in the 0.2Ð 0.4-mg and Ն0.8-mg bloodmeal mass groups were similar (7.5 Ϯ 0 h).
Repellency responses to DEET in partially blood fed nulliparous and parous females (Ϸ0.5 mg) females varied signiÞcantly (F 1,5 ϭ 40.50; P ϭ 0.0031; R 2 ϭ 0.910), with mean protection time in the former group (5.3 Ϯ 0.1 h) shorter than in the latter (6.8 Ϯ 0.2 h). Host-seeking responses among treatment and control groups were not signiÞcantly different (partially blood-fed nulliparous females, 29.5 Ϯ 1.4%; partially blood-fed parous females, 32.4 Ϯ 0.8%; unfed nulliparous females, 31.6 Ϯ 1.9%; and unfed parous females, 32.8 Ϯ 0.5%).
Based on the results of this study, we drew four conclusions regarding the effects of bloodmeal mass and oviparity on host avidity and DEET repellency in Ae. albopictus. First, there is a curvilinear relationship between bloodmeal mass and host seeking behavior of female mosquitoes. Similar response patterns have been observed in partially blood fed Ae. aegypti, Cx. nigripalpus, and Cx. tarsalis (Klowden and Lea 1978 , Mitchell 1981 , Xue et al. 1995 .
Second, the bloodmeal mass threshold for reduced host seeking activity by Ae. albopictus is between 0.8 and 1.0 mg. This threshold is comparable to that estimated for partially blood-fed, similarly aged Ae. aegypti (Xue et al. 1995) . Knowledge of the threshold is important, particularly for opportunist feeders such as Ae. albopictus (Savage et al. 1993 , Xue et al. 2008 , given its inßuence on the number/frequency of host contacts and/or bloodmeals obtained in a vector population and thus the dynamics of disease transmission.
Third, bloodmeal size affects ovarian development and egg production in Ae. albopictus. This mosquito species has a lower bloodmeal mass threshold for these processes than Ae. aegypti (Xue et al. 1995) . Equivalent quantities of ingested blood therefore promote ovarian development and egg maturation more readily in Ae. albopictus than Ae. aegypti with the beneÞts of reproductive advantage to the former mosquito species.
Finally, there is a signiÞcant difference in host seeking and DEET repellency responses between partially engorged nulliparous and parous female mosquitoes. SigniÞcantly lower mean host seeking responses were observed in nulliparous compared with parous females when both groups imbibed the same quantity of blood (0.5 mg). The relationship was reversed when the response was DEET repellency. This observation contrasts with the results of studies with Ae. aegypti, An. albimanus, and An. quadrimaculatus wherein the protection time afforded by 25% DEET was not signiÞcantly affected by mosquito age and/or oviparity (Barnard 1998) .
